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Abstract
Traditionally, the removal of entire rows at regular intervals through thinning compartments 
has been applied to facilitate access to mechanised timber harvesting operations in South Af-
rica. These row thinnings have essentially involved the removal of every 7th row in a standard 
2.7×2.7 m planting regime, resulting in a machine trail width of 5.4 m and a theoretical 
distance to the furthest tree of 8.1 m.
A simulation study, based on alternative planting geometries, investigated the effect on har-
vesting in terms of harvesting productivity, system costs and impact on stand structure. 
Compartments of different planting geometries ranging from 2.7×2.7 m to 2.5×2.9 m, 2.4×3 m 
and 2.3×3.1 m at two thinning reference ages were simulator generated. These compartments 
were then simulator thinned and harvested in the simulation.
Results showed that the boom reach of the harvester is optimised by extending row removal 
from the 7th to the 9th row. At the same time, machine trail length per hectare was reduced by 
20%. This creates more productive area for tree growth, potentially reduced residual stand 
impacts, and increases the proportion of selectively harvested trees per hectare. The increased 
distance between row thinning removals enhanced the potential volume harvested trail length 
(m3/m) and in turn led up to a 8% increase in harvesting productivity, up to a 21% increase 
in forwarding productivity and a reduction in total costs of up to 7% when changing planting 
geometry from 2.7×2.7 m to 2.3×3.1 m and 2.4×3.0 m, for first and second thinning.
Keywords: harvesting, simulation, thinning, planting geometry, productivity, system costing, 
optimisation
1. Introduction
The advent of more advanced mechanised timber 
harvesting	systems	has	identified	the	potential	of	pos-
sibly	modifying	 planting	 geometries	 and	 thinning	
practices	(Bredenkamp	1984).	One	of	the	alternatives	
considered is that of row thinnings where an entire 
row	or	rows	are	removed	at	predetermined	intervals	





entirely	 different	 thinning	 systems	 were	 not	 well	
aligned	(i.e.	selective	thinning	is	carried	out	first	with-
out identifying the trees to be removed in the rows 




The study simulated both felling and subsequent 
timber	extraction	operations	in	virtually	constructed	
stands,	where	both	access	rows	had	been	removed	and	
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Þ  reduced	machine	trail	 length	per	hectare	still	
maintaining suitable access for the harvesting 
machines;
Þ  maintained	compartment	tree	spacing	regular-
ity when simulated thinnings are done;
Þ  increased	harvesting	productivity	with	reduced	
harvesting	system	costs.







cies growth models and harvesting system time mod-

















vester and forwarder that were to be used in the study 
for	the	harvesting	simulation	of	both	first	and	second	
thinnings.
3.1 Determining tree characteristics to develop 
computer simulated compartments
The	 first	 step	 in	 the	 process	 to	 determine	 new	
planting	geometries	involved	using	pre-thinning	enu-
Fig. 1 Flow chart of the procedure followed for thinning and harvest-
ing of compartments to maintain stand regularity
Table 1 Standard establishment and thinning prescriptions in South 
Africa
Action Desired density
Spacing (initial) 2.7×2.7 m
Stems per hectare planted (SPHA) 1371 SPHA
First thinning (age 8) 650 SPHA
Second thinning (age 13) 400 SPHA
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Table 2 Breakdown of various planting spacings tested
Spacing 
x – y
Rows to be removed
2.7×2.7 m 7th and 8th
2.5×2.9 m 7th, 8th and 9th
2.4×3.1 m 7th, 8th and 9th
2.3×3.0 m 7th, 8th and 9th






wider than the machine was considered a feasible cri-
terion	for	the	different	planting	geometries	to	prevent	
damage to stems and to limit tree root disturbances 
(Table	3).





uation was to increase the distance between machine 
trails	as	much	as	possible	(>	7th	row),	thus	reducing	the	
machine	trail	length	per	hectare	and	ensuring	the	dis-







Table 3 Machine limitations based on boom reach and machine track width for Tigercat harvesters and forwarders (Tigercat 2011)
Machine Machine type Boom reach, max Boom reach, telescopic Machine width Payload
Tigercat H822c Tracked harvester 8.91 m 11.07 m 3.43 m –
Tigercat 1075B Forwarder 7.83 m N/A 3.30 m (bunk) 14,000 kg
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trails	possibly	falling	exactly	on	the	same	tree	row.	
This	would	lead	to	sub-optimal	harvesting,	as	the	ma-














was coded in the statistical language R	(R Core Team 
2012).	A	thinning	from	below	was	simulated	for	each	
stand.	 In	 this	 process	 trees	 that	 were	 marked	 as	
thinned	were	harvested	by	a	harvesting	simulator.
3.3.1 Thinning
Thinning from below generally concentrates on the 














determine the growing area and the growth status of 
the	centre	tree.	Within	the	programme,	a	defined	local	
search radius for tree neighbours around a target tree 
from the Ntarget was calculated by estimating the aver-
age	growing	area	per	tree	(Eq.	1).




×   (1)
The local search radius for neighbouring trees was 
determined	as	2.5	times	the	radius	of	a	circle	with	the	
same area as Agrow	(Eq.	2).













thinning	 process.	 The	 summed	 values	 were	 then	
ranked,	and	the	trees	with	the	highest	potential	to	be	












3.3.2 Simulated marking for thinning
Before	the	first	thinning	simulation,	the	rows	that	
were	thinned	for	the	extraction	trails	(7th	or	9th	row)	
were removed from the dataset as this would be done 
in	practice.	The	full	data	set,	with	these	row	trees	re-
moved,	was	then	thinned	and	trees	TBR	to	the	desired	
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cessible	 and	 marked,	 TBR would be flagged as 
harvested	for	a	particular	harvesting	stop.	These	stops	






























































Fig. 2 a) harvester boom swath area and b) tree reach polygon
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stop	was	totalled	for	each	row	with	the	distance	be-
tween	 harvesting	 stops	 and	 accumulated	 distance	
travelled	along	the	machine	trail.





consumption	was	 determined	 using	 existing	 time	




speeds	were	 taken	 from	 studies	 by	 Eliasson	 et	 al.	




allocated for each machine trail that would have been 






























Information	 gathered	 from	 the	 machine	 work	
methods and the time models was used to calculate 
Fig. 3 Nearest tree to harvesting stop and tree selection polygons 
inverted and translated to the tree position
Table 4 Time element calculations used to determine time con-




















0.1 cmin/tree (Nurminen et al. 2006)
b) Felling
t=0.093+0.101x (Nurminen et al. 2006)
t=time (cmin/tree); x=volume of the tree
c) Processing
t=0.0359+1.1368x (Nurminen et al. 2006)
t=time (cmin/tree); x=tree volume
d) Boom in 0.049 cmin/tree (Nurminen et al. 2006)
e) Clearing 
debris













 (Nurminen et al. 2006)






 (Nurminen et al. 2006)
t=time (cmin/tree); x=volume of the tree
3 Travel partially 
loaded
26.7 m/cmin (Nurminen et al. 2006)
3 Travel loaded 43.9 m/cmin (Nurminen et al. 2006)
4 Unloading
*0.569 cmin/m3 (Nurminen et al. 2006)
*Based on mixed sawtimber loads
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significant	 differences	 between	 the	 test	 criteria	 in	
planting	geometries.	In	some	cases,	heteroscedasticity	
prohibited	 traditional	 t-tests	 and	ANOVA.	A	 non-
parametric	Welch’s	t-test was used in these cases; this 







4.1 Harvesting thinnings from optimised stand 
structure
4.1.1 Determining the optimal tree geometry
The	planting	geometry	selection	process	found	
that	 the	 following	planting	geometries	2.5×2.9	m,	
Fig. 4 Simulation steps for harvester and forwarder for harvesting 
and loading time allocation
Table 5 Costs (South African Rand) and costing assumptions for 
machines and attachments used in system costings (G. Olsen pers. 
comm. 2012, J. van Heerden pers. comm. 2013)
Item H822C Harvester 1075B Forwarder
Fixed cost inputs
Machine cost R4’056’754.00 R4’728’538.00
Harvesting attachment R1’319’985.00 No attachment
Machine life 18,000 hrs 18,000 hrs
Harvesting attachment life 18,000 hrs NA
Salvage cost machine, % 10 10
Salvage cost attachment, % 0 NA
Interest rate, % 9 9
Insurance, registration, 
set-up and garaging costs
R 0.00 R 0.00
Variable cost inputs
Fuel costs R 11.60 (Feb, 2013) R 11.60 (Feb, 2013)
Fuel consumption 28 l/hr 12 l/hr
Oil cost of fuel cost 20% 10%






Number of tracks/tyres 2 8
Cost per track/tyre R 155,000.00 R 42,000.00
Life of track/tyres 9000 hrs 8000 hrs
Cutter bar life 61.2 PMH NA
Cutter bar cost R 1500.00 NA
Chain life 38.25 PMH NA
Chain cost R 500.00 NA
Sprocket life 612 PMH NA
Sprocket cost R 1100.00 NA
Operator inputs – –
Operators per shift 1 1
No operator costs were taken into account
Productivity inputs
Working days per year 240 240
Shifts per day 2 2
Hours per shift 9 9
Productivity per hour
Based in time study 
information
Based in time study 
information
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4.1.2 Virtual harvesting of sample stands
Harvested	volume	data	of	 the	virtually	 thinned	
stands	are	shown	in	Table	8.


























4.1.2.2	Distance	between	harvesting	 stops	 for	 each	
planting	geometry

















Table 6 Acceptable planting geometries based on rows removed, machine trail length and closest tree distance
Planting geometry 
m×m
Machine trail width 
m








Number of rows removed 
ha–1
2.7×2.7 5.4 9.45 7th 18.9 599.4 6
2.5×2.9 5.0 10.0 9th 22.5 500.0 5
2.3×3.1 4.6 9.2 9th 21.6 504.0 5
2.4×3.0 4.8 9.6 9th 20.7 506.0 5
*Measured from the mid-point of the machine trails




Clark and Evan aggregation index, R
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true	 as	 an	 increase	was	 evident.	 Forwarder	 cycles	
(Table	10)	were	limited	by	the	load	capacity	of	the	




Total volume, m3/ha Means per harvesting stop
Removed Remaining Volume, m3 s Distance, m s
First
2.7×2.7 30.37 46.96 0.41 0.08 7.91 0.14
2.5×2.9 27.66 48.13 0.26 0.03 5.19 1.02
2.4×3.0 30.27 46.96 0.42 0.08 7.23 0.72
2.3×3.1 28.56 47.46 0.51 0.05 9.05 0.43
Second
2.7×2.7 35.85 93.89 0.91 0.17 12.85 1.28
2.5×2.9 35.31 90.87 0.76 0.20 10.38 1.39
2.4×3.0 35.98 89.91 0.88 0.12 11.64 2.03
2.3×3.1 39.02 90.57 1.00 0.12 11.86 1.12
Fig. 5 Mean volume harvested for each stop (a) first thinning and (b) second thinning for each planting geometry
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4.1.4 Machine and systems costing







ond thinning showed a reduction in cost between the 
control	and	the	remaining	planting	geometries.
Fig. 6 Mean distance travelled between harvesting stops for (a) first thinning and (b) second thinning for each planting geometry
Fig. 7 Mean time consumption to harvest trees for each harvesting stop for first thinning (a) and second thinning (b) for each planting geometry
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5. Discussion














ever,	 in	 some	cases,	 the	distance	between	machine	
trails can cause the harvester head at full boom reach 
to	lose	control	of	the	harvest	tree.	The	resultant	uncon-























The aim of the simulator was to avoid clustering 
of	the	trees	and	to	maintain	a	(R)	value	higher	than	
1.0.	All	 the	aggregation	 index	 results	were	higher	
than	this	threshold	(Table	7).	This	illustrates	that	the	
stands were thinned to a random distribution with 
no	clustering.
5.3 Harvesting and forwarding productivity
5.3.1 Harvester
As	expected,	volumes	per	harvesting	stop	on	ma-




In	 all	 cases,	 the	 2.5x2.9	m	planting	geometry	 con-
sumed	less	time	than	the	control	(2.7x2.7	m)	and	all	
other	alternatives	due	to	the	lower	volume	per	stop	
and	 shorter	 distances	 between	 stops.	 There	were,	
however,	many	more	stops	per	hectare	than	for	the	
other	geometries.




The individual tree volume in this simulation did not 
influence	 time	 consumption.	 The	 harvester	 boom	
movement related activities were the main driver of 




Cycles Time Volume PMH m3/PMH
First
2.7x2.7 78 259.66 30.75 4.33 7.11
2.5x2.9 119 240.95 28.22 4.02 7.03
2.4x3.0 72 244.74 28.50 4.08 6.99
2.3x3.1 58 251.79 28.84 4.20 6.87
Second
2.7x2.7 47 132.2 35.70 2.20 16.20
2.5x2.9 54 122.88 35.61 2.05 17.39
2.4x3.0 44 124.78 36.20 2.08 17.41
2.3x3.1 43 134.34 39.24 2.24 17.53
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Cycle one Cycle two Cycle three Total
PMH m3/PMH
Time Volume Time Volume Time Volume Time Volume
First
2.7x2.7 144.78 18.86 101.02 11.89 NA NA 245.80 30.75 4.1 7.51
2.5x2.9 233.07 18.86 116.65 9.36 NA NA 349.72 28.22 5.83 4.84
2.4x3.0 137.5 18.86 88.97 9.64 NA NA 226.47 28.5 3.77 7.55
2.3x3.1 115.84 18.86 64.93 9.98 NA NA 180.77 28.84 3.01 9.57
Second
2.7x2.7 85.11 18.86 107.22 16.84 NA NA 192.33 35.7 3.21 11.14
2.5x2.9 107.31 18.86 112.9 16.75 NA NA 220.21 35.61 3.67 9.7
2.4x3.0 97.94 18.86 81.67 17.34 NA NA 179.61 36.2 2.99 12.09
2.3x3.1 89.09 18.86 81.31 18.86 15.09 1.52 185.50 39.24 3.09 12.69
Table 11 Results of machine costing for first and second thinning for harvesting and forwarding operations (South African Rand)
Thinning Planting geometry, mxm Harvester cost, R/m3 Forwarder cost, R/m3 Total system cost, R/m3
First
2.7x2.7 153.06 99.86 252.92
2.5x2.9 154.81 154.95 306.76
2.4x3.0 155.69 99.33 255.02
2.3x3.1 158.41 78.37 236.78
Second
2.7x2.7 67.18 67.32 134.50
2.5x2.9 62.58 77.32 139.90
2.4x3.0 62.51 62.03 124.54
2.3x3.1 62.08 59.10 121.18
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The	grapple	size	influences	the	number	of	times	the	
boom	had	to	be	deployed.	While	boom	movement	in-







































When	 optimising	 the	 planting	 geometries	 for	
mechanised	thinning	operations,	it	was	found	that	the	
















require the ability to test these scenarios without the 
associated	risks	involved	by	trial	and	error	applica-
tions.	This	work	has	also	attempted	to	change	mind-
sets	 by	 exploring	 alternatives	 to	 standard,	 square	
planting	geometries	by	 showing	 that	 small	 adjust-
ments	can	potentially	improve	overall	harvesting	pro-
ductivity	and	costs	and	reduce	damage	to	the	stands.
The	 benefit	 of	 maintaining	 stand	 regularity	 in	
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